Objective: There is uncertainty regarding the effect of iterative reconstruction (IR) techniques and other reconstruction algorithms on image quality. The aim of this study was to optimize image quality in relation to radiation dose in computed tomography (CT) liver examinations by comparing images reconstructed with different abdominal filters with and without IR.
C omputed tomography (CT) is the radiological imaging modality that contributes the most to patient radiation dose from medical radiation. The United Nations Scientific Committee on the Effects of Atomic Radiation concluded that there is an increase in population dose from medical exposure worldwide, which is mainly a result of the increased annual frequency of CT scanning. 1 Image quality in CT generally improves with increasing radiation dose. Recently, there has been a substantial effort from all vendors to improve reconstruction algorithms and image postprocessing tools to enhance image quality without generating a higher radiation dose. Filtered back-projection (FBP) has, until recently, been used as the standard reconstruction method in CT, but all vendors now offer several alternative reconstruction options. Iterative reconstruction (IR) accurately models the data collection process in CT, and a purely IR technique not only models photon and noise statistics but also includes details with regard to scanner geometry and optics. However, because pure IR requires considerable computer processing power and is time consuming, several hybrid solutions combining FBP and IR have been developed. [2] [3] [4] [5] [6] [7] [8] Toshiba's Adaptive Iterative Dose Reduction (AIDR) is a hybrid technique, and the most recent, sophisticated version is referred to as AIDR 3 dimensional (3D). This iterative algorithm performs noise reduction in the raw data and image domain. Processing in the raw data domain involves a statistical model, a scanner model, and projection noise estimation to reduce noise. In the image domain, iterative noise reduction is performed to optimize the reconstruction. 9 Studies have shown a potential for dose reduction using AIDR 3D compared with FBP. 10, 11 However, uncertainty remains regarding the effect of IR techniques and reconstruction algorithms on image quality. A wide range of reconstruction options challenge the pursuit of the optimal reconstruction option for each examination.
In the present study, phantom and patient images from the Aquilion ONE CT scanner (Toshiba Medical Systems, Tokyo, Japan) were reconstructed with AIDR 3D and FBP. Image quality for both techniques was compared using 12 different abdominal reconstruction filters.
Our institution is a referral center for hepatobiliary surgery, and the detection of subcentimeter lesions in the liver parenchyma is of utmost importance when evaluating the possibility of surgical treatment. Several patients have repeated examinations, increasing the cumulative radiation dose. The aim of this study was to optimize image quality in relation to radiation dose in CT liver examinations by comparing images reconstructed with different filters with and without IR.
MATERIALS AND METHODS

Phantom Study
Image Reconstruction
A variety of reconstruction algorithms are available with the Toshiba Aquilion ONE CT scanner. Toshiba's family of reconstruction filters based on FBP is named FC, with a subsequent number describing the size of the kernel for filtration of the image. In general, a lower number will produce a smoother image and a higher number will produce a sharper, edge-enhanced image. For abdominal CT examinations, Toshiba recommended filters FC 03, 04, 05, 07, 08, and 09, which include extra beam hardening correction, or their equivalent without extra beam hardening correction, FC 13, 14, 15, 17, 18 , and 19 (Toshiba Aquilion ONE operation manual). In addition, AIDR 3D may be selected at 3 different levels, mild, standard, and strong, in combination with the chosen filter.
In the phantom study, all images were reconstructed with all the filters mentioned above, both with and without AIDR 3D standard.
Data Collection
All scans were performed on a Toshiba Aquilion ONE CT scanner using our institution's standard liver CT protocol based on the manufacturer's recommendations. The protocol used the following parameters: tube voltage of 120 kilovolt (peak), detector collimation of 4 cm, pitch of 0.813, and reconstructed slice width of 3 mm. The display field of view differed slightly between the dose levels at 35 and 40 cm. Scans were performed at 2 dose levels with a pitch-corrected, weighted CT dose index (CTDI vol ) of 10 and 15 mGy. According to the European Guidelines for multislice CT, the reference level for abdominal CT is 15 mGy CTDI vol and the reference level for liver CT is greater than 25 mGy CTDI vol . 12 The chosen dose levels for the phantom study are therefore clinically relevant for abdominal scans.
Receiver Operating Characteristic Phantom and Evaluation
A customized adult-sized, anthropomorphic upper-abdomen phantom (Figs. 1A, B), specially designed for receiver operating characteristic (ROC) analysis of the detectability of liver lesions, was used in the study. 13 The phantom included 4 inserts with lesions ranging from 2 to 7 mm in diameter. All lesions were filled with water, and the inserts were interchanged and rotated for the 2 dose levels, thereby hindering the readers' recognition of the test pattern and the position of lesions.
Five low-dose images were included to improve randomness. Detectability of 16 small liver lesions was evaluated in 48 images by 2 experienced radiologists independently. Thus, a total of 768 lesions were evaluated in the study. All images were shown in a randomized and blinded fashion under standardized viewing conditions on the same picture archiving and communication system workstation with subdued ambient light. Detectability was rated according to a 5-point scale as shown in Table 1 . Receiver operating characteristic curves were constructed, and test accuracy was defined as the area under the curve (AUC). Areas under the curve were compared using software Analyse-IT for Microsoft Excel (version 2.00). Analyse-IT uses the Delong Delong ClarkePearson method to compare curves. 14 
Patient Study
Data Collection
The 2 reconstruction options that achieved the highest scores for both dose levels in the phantom study were compared in a patient study. Computed tomography liver examinations of 6 patients, 2 women and 4 men, median age of 63.5 (42-72) years, were included. All patients had abdominal cancers or other abdominal pathologies. Images were reconstructed with reconstruction filters FC17 and FC18 in combination with AIDR 3D standard.
Image Evaluation
The liver examinations were evaluated using visual grading analysis, in which detail visibility was evaluated on a 4-point scale using the European Guidelines' quality criteria on image quality in the CT liver examinations evaluation form shown in Table 2 , scale shown in Table 3 . Two experienced radiologists evaluated all images independently and in random order on the same workstation in subdued ambient light. The results were evaluated with the Student t test.
RESULTS
Phantom Study
The images reconstructed with filters FC17 and FC18 in combination with AIDR 3D were the only options among the 8 best images at both dose levels (AUC, 0.96 and 0.94 for Low-contrast object definitely not present in sector 2
Low-contrast object most likely not present in sector 3
Low-contrast object possibly not present in sector 4
Low-contrast object most likely present in sector 5
Low-contrast object definitely present in sector Table 4 ). The images reconstructed with AIDR 3D scored slightly higher than the images reconstructed with FBP. The difference was greatest for the 10-mGy dose level. Adaptive Iterative Dose Reduction 3D did not significantly improve lesion detectability for any of the filters. For the 15-mGy dose level, the score was slightly higher without beam hardening correction, a trend that was not observed at 10 mGy. There were only minor differences between the reconstruction algorithms with respect to lesion detectability in the phantom study, and most of the differences were not significant.
Receiver operating characteristic curves were also made for the 2 observers individually. The data from the 2 dose levels reconstructed with and without beam hardening were plotted together in the same curves. Areas under the curve are given in Table 5 . Observer 1 scored highest for the images reconstructed with FC04/14 and FC07/17 with AIDR 3D as well as FC08/18 with FBP (AUC, 0.9). Observer 2 scored highest for the images reconstructed with FC07/17 and FC08/18 with AIDR 3D (AUC, 0.9). The difference between the observers was significant only for FC05/15 with FBP and for FC08/18 with AIDR 3D.
Looking at the observers separately, FC07/17 and FC08/18 were the reconstruction filters with the highest score for both observers (AUC, 0.9). The combined scores for both observers showed that FC17 with AIDR 3D and FC18 with AIDR 3D were the filters with the highest score for both dose levels. On the basis of this, these reconstruction filters were chosen for the study of patient images.
Receiver operating characteristic curves are shown in Figures 2A to C , where A and B reflect the score for filters FC08 and FC18 with and without AIDR 3D for 15 and 10 mGy, respectively. Figure 2C compares the score for the chosen filter, FC18, with AIDR 3D at 10 mGy, with the poorest reconstruction combination, FC05 without AIDR 3D. Receiver operating characteristic curves for the individual observers for filter FC17 and FC18 with AIDR 3D are shown in Figures 2D and E. Figure 2F shows ROC curves for FC18 with FBP and AIDR 3D for 10 and 15 mGy.
Patient Study
In the patient study, there was a small, nonsignificant difference in score between the images reconstructed with the 2 filters. The images reconstructed with filter FC18 and AIDR 3D scored slightly better (mean score, 2.60) than the images reconstructed with filter FC17 and AIDR 3D (mean score, 2.57), although not significantly (P = 0.56). The results for each patient and the mean score are shown in Table 6 .
Interobserver Differences
The readers' preference differed in the phantom study. Observer 1 generally preferred FC18 (mean score, 2.24 and 2.35 for FC17 and FC18, respectively), whereas observer 2 preferred FC17 (mean score, 2.91 and 2.85 for FC17 and FC18, respectively). The difference in score between the filters was not significant for any of the observers (P = 0.2 and 0.3 for observer 1 and observer 2, respectively). Individual results are presented in Table 7 and Figures 3 and 4 .
DISCUSSION
In the phantom study, AIDR 3D performed slightly, although not significantly, better than FBP, at 10 mGy. This effect was not seen at 15 mGy. This may be due to the greater potential for noise reduction and image quality improvement at lower dose levels versus higher dose levels. Comparison of image quality for FC18 with AIDR 3D at 10 mGy compared with FBP reconstruction at 15 mGy indicated that AIDR 3D did not compensate for the 33% dose reduction in this study. At 15 mGy, there was a tendency toward improved performance without beam hardening correction, whereas this trend was not observed at 10 mGy. This could be because the reconstruction algorithm with added beam hardening correction will have a larger potential for improvement of image quality when there is more absorbed radiation and thereby more noise in the image.
Reconstruction filters FC17 with AIDR 3D as well as FC18 with AIDR 3D were chosen for clinical comparison because of their superior performance at both dose levels in the phantom study. In the patient study, FC18 with AIDR 3D performed slightly better than FC17 with AIDR 3D, although not significantly. The interobserver differences seen in the clinical comparison demonstrate greater divergence in the subjective evaluation of image quality and texture than in the objective evaluation of diagnostic value. This was also shown in the study by Martinsen et al, 2 in which interobserver differences were found because of subjective preferences and assumed familiarity of image texture.
On the basis of the results from the 2 studies, reconstruction filter FC18 with AIDR 3D was incorporated into the standard protocol for CT liver examinations in clinical practice in our hospital. FIGURE 2. A, ROC curves for filters FC08 and FC18 with and without AIDR 3D IR at 15 mGy. B, ROC curves for filters FC08 and FC18 with and without AIDR 3D IR at 10 mGy. C, ROC curves for the chosen filter FC18 with AIDR 3D at 10 mGy and the poorest-performing reconstruction combination, FC05 without AIDR 3D. D, ROC curves for filters FC07/17 for 10 and 15 mGy together. AIDR 3D and FBP separately for both observers. E, ROC curves for filters FC08/18 for 10 and 15 mGy together. AIDR 3D and FBP separately for both observers. F, ROC curves for filter FC18, both observers. AIDR 3D and FBP for 10 and 15 mGy separately.
Our study had limitations. The lesions in the phantom study contained water and may have been easier to detect than a typical malignant lesion in a patient. This may partly explain why the AIDR 3D reconstruction was more effective for the images with the most noise, as many lesions were easy to detect regardless of reconstruction method for the 15-mGy images. The low rate of false-positives in the phantom study may be due to somewhat improved visibility of lesions compared with a clinical case. This affects the ROC curves resulting in a steep slope to the far left. It seems probable that the phantom study would have shown a larger difference between reconstruction methods if the lesions had been more difficult to detect. The attenuation difference between lesions and liver parenchyma could have been increased by using a mixture of water and iodinated contrast or glycerol in the lesions, as was shown by Olerud et al. 13 The difference in display field of view between the 2 dose levels may affect the detectability of lesions in the phantom study. However, this study aimed to identify differences between reconstruction algorithms. The comparisons of different reconstruction techniques were performed per dose level; therefore, differences in field of view between different dose levels will not affect the outcome of this study. In the patient study, only 2 of the patients had liver lesions. In the visual grading analysis, the assumption is made that the visibility of common abdominal structures reflects the visibility of lesions. Selection of patients with liver lesions would have been beneficial with respect to evaluation of lesion detectability. Variation in patient size and age may also affect image quality, but because all comparisons were performed within patients, this should not have affected the study results.
Time constraints and patient accessibility render phantom scanning a suitable choice for protocol development. Collaboration between physicists, physicians, and technicians is important. We believe that this method of image optimization is feasible in clinical practice when a new CT scanner with numerous options for image reconstruction is introduced in a radiological department.
In the jungle of options for image reconstruction on CT scanners today, a systematic approach for optimization is required. This method proved useful and feasible in optimizing image reconstruction of CT liver examinations on the Toshiba Aquilion ONE scanner. The study indicates that the preferred choice for reconstruction of CT liver examinations performed with the Toshiba Aquilion ONE should be filter FC18 filter with AIDR 3D IR, although AIDR 3D did not significantly improve lesion detectability. 
